Abstract In this study, crude extracellular keratinase obtained from a novel keratin-degrading bacterial strain, Bacillus safensis LAU 13 (GenBank accession No. KJ461434) was used for the synthesis of silver nanoparticles (AgNPs). The particles were characterised by UVVisible spectroscopy, Fourier transform infrared (FTIR) spectroscopy, and transmission electron microscopy. The biosynthesised AgNPs exhibited maximum absorbance at 409 nm. They are spherical in shape with the size ranging 5-30 nm. The FTIR spectrum showed peaks at 3410, 2930, 1664, 1618, 1389 and 600 cm -1 , indicating that proteins were the capping and stabilisation molecules in the synthesis of AgNPs. Data obtained from XRD showed that the particles have face-centred cubic phase and are crystalline in nature with average size of *8.3 nm. The particles showed effective inhibitory activity against five clinical isolates of Escherichia coli. Therefore, the keratinase of this strain could be used to develop an environmental friendly method for the rapid synthesis of AgNPs. To the best of our knowledge, this is the first report of green synthesis of AgNPs using the metabolite of B. safensis, and the report adds to the growing relevance of B. safensis as a potential industrially viable organism.
Introduction
Nanobiotechnology is an offspring of nanotechnology that has emerged at the interface of nanotechnology and biology [1] . It is the multidisciplinary integration of biotechnology, nanotechnology, chemical processing, physical methodology and system engineering into biochips, molecular motors, nanocrystals and nanobiomaterials [2] . Nanotechnology deals with the synthesis and stabilisation of various nanoparticles [3] . There are different types of nanoparticles, but silver nanoparticles (AgNPs) have proved to be most effective with good antimicrobial efficacy [4] . AgNPs can be synthesised by using a variety of methods of synthesis like heating technique [5] , laser irradiation [6] , ionizing radiation [7] , and radiolysis [8] . These methods are expensive and also hazardous to the environment. As a result, biological method of production is an alternative method, which has shown a very promising solution to these problems [9] . AgNPs have been successfully synthesised using plant extracts [10] , bacteria [11] , and fungi [12] . Biosynthesis of AgNPs is a bottom-up approach that mostly involves reduction/oxidation reactions [9] . In this way, microbial enzymes and phytochemicals with reducing potentials have been found responsible for the capping and stabilisation of nanoparticles. This is achieved in an eco-friendly manner, which does not lead to the use of toxic chemicals.
AgNPs have been used in different ways; such as in the treatment of burns, as dental materials, in textile fabrics, for water treatment, and as sunscreen lotions [13] . They also have applications in the production of antimicrobial paint [14] , non-linear optics, spectrally selective coating for solar energy absorption and intercalation materials for electrical batteries, optical receptors, catalysis in chemical reactions, bio-labelling and antibacterial agents [15] .
In our laboratory, we have recently isolated a novel strain of Bacillus safensis with potent keratinolytic activities (KA) [16] in a study for the biotechnological management of feather wastes and creation of novel products. The aim of this study was to investigate the ability of crude extracellular keratinase of this bacterial strain for the production of AgNPs and evaluation of its applications. It is an attempt to extend the frontier of the organism for biotechnological applications.
Materials and methods

Microorganism
The bacterium used in this study was isolated following the methods described by Lateef et al. [17] . The medium used for isolation consisted of the following in g/L: NaNO 3 , 2; NaCl, 2; KH 2 PO 4 , 2; MgSO 4 , 0.05; FeSO 4 .7H 2 O, 0.1; CaCO 3 , 0.1; feather powder, 20; and agar-agar, 20 (BDH, UK). The pure isolate was identified using biochemical methods [18] , and 16S rRNA analysis. Genomic DNA of the bacterium was isolated as described by Sambrook et al. [19] , and the DNA fragments were amplified using polymerase chain reaction (PCR) technique at 68-72°C with BacF (5 0 -GGGAA ACCGGGGCTAATACCGGAT-3 0 ) and R1378 (5 0 -CGGT GTGTACAAGGCCCGGGAACG-3 0 ) primers which are the reverse and forward primers, respectively. From single colonies of the isolate, two replicates of the 16S rRNA gene (approximately 1,500 base pairs) were sequenced using Sanger's method. These sequences were used in the database of National Centre for Biotechnological Information (NCBI) (BLAST, http://blast.ncbi.nlm.nih.gov/) via BLASTN option [20] for possible matches, and thereafter submitted to GenBank for accession number.
Keratinase production
Inoculum was developed by inoculating a loopful of pure culture into a medium consisting of 1 % keratin substrate and 0.2 % yeast extract (pH 7.50). The culture was incubated at 37°C and 100 rpm for 24 h. About of 1 ml of inoculum was inoculated into 19 ml/100 ml flask of liquid minimal medium, and the flasks were incubated at 37°C at 100 rpm for 120 h. At 24 h intervals, whole flasks were taken out, the broth centrifuged at 5,000 rpm at 10°C for 20 min, and the supernatant served as crude extracellular keratinase.
Keratinase assay
The keratinase activity was determined by the modified method of Cheng et al. [21] . About 0.5 ml of crude enzyme was incubated with 1.5 g of feather powder suspended in 2 ml of phosphate buffer (pH 7.5). The control experiment consisted of buffer and feather powder only. The reaction mixtures were incubated at 40°C for 3 h at 100 rpm. The reaction was terminated by adding 2 ml of 10 % trichloroacetic acid (TCA). The reaction mixture was centrifuged at 5,000 rpm for 15 min at room temperature (30 ± 2°C) to remove precipitated keratin. The increase in absorbance at 280 nm of the filtrate of the test sample relative to that of the control, a measure of release of protein was converted into keratinase units (1U = 0.01 absorbance increase for 1 h reaction time [22] ), was measured.
Synthesis and characterisation of silver nanoparticles (AgNPs)
AgNPs were synthesised by reacting the crude keratinase with silver nitrate solution as described by Revathi et al. [23] . About 1 ml of crude enzyme (50 U ml -1 ) was added to the reaction vessel containing 50 ml of 1 mM silver nitrate (AgNO 3 ) solution for the reduction of silver ion. The reaction was carried out in static condition at room temperature (30 ± 2°C) for 2 h. The formation of AgNPs was monitored through visual observation of the change of colour, and measurement of the absorbance spectrum of the reaction mixture using UV-Visible spectrophotometer (Genesys 10 UV Thermoelectron Corporation, UK).
Fourier transform infrared (FTIR) spectroscopy analysis was carried out using BUCK M530 Spectrophotometer (Buck, USA) on the powder sample of AgNPs according to Bhat et al. [1] . The AgNPs solution was centrifuged at 10,000 rpm for 20 min. The solid residue obtained was then dried at room temperature, and the powder obtained was used for FTIR measurement using KBr pellets. The X-ray diffraction (XRD) analysis was investigated using PANalytical X'pert PRO with CuK a radiation at 40 kV and 30 mA.
The transmission electron microscopy (TEM) micrograph was obtained as follows: A drop of nanoparticles in suspension was placed on a 200 mesh hexagonal copper grid (3.05 mm) (Agar Scientific, Essex, UK) coated with 0.3 % formvar dissolved in chloroform. The particles were allowed to settle for 3-5 min on the grid, the excess liquid flicked off with a wick of filter paper and the grids were then air dried before TEM viewing. Micrograph was obtained using a JEM-1400 (JEOL, USA) operating at 200 kV.
Antibacterial activity of synthesised AgNPs
The antibacterial activity of the AgNPs was examined using disc diffusion method as described by Thillaimaharami et al. [24] . This was carried out using 6 mm diameter paper disc prepared from Whatman No. 1 filter paper. A loopful of each of five Escherichia coli strains isolated from wound was suspended in 10 ml of sterile distilled water. This was used to make subsequent tenfold dilutions from which 0.1 ml was transferred into 4 ml of sterilised nutrient agar already cooled to approximately 50°C, which was poured over a nutrient agar base plate and allowed to solidify. The paper discs were impregnated with AgNPs solutions that were obtained by serial dilution with distilled water (150 lg ml -1 ). These were placed on the inoculated nutrient agar plates, while the control disc was impregnated with only crude keratinase. The zone of inhibition was determined after incubation at 37°C for 24 h.
Results and discussion
Bacterial isolate
Four bacterial strains were isolated from the screened feather dumping site amongst which B. safensis LAU 13 (GenBank accession No KJ461434) produced highest keratinolytic activity [16] . It is a rod-shaped, Gram-positive, spore-forming bacterium. The analysis based on 16S rRNA sequence showed that this strain has 100 % sequence homology with B. safensis CBN-8 (JQ353775). Bacillus safensis was first identified in 2006 as a contaminant from spacecraft-assembly facilities (SAF) in USA from which it derived its specific epithet safensis [25] . Bacillus safensis are salt-tolerating plant growth promoting rhizobacteria (PGPR) [26, 27] . The productions of industrially important enzymes like b-galactosidase [28] , endoinulinase [29] , and lipases [30] by some strains of B. safensis have been reported. In addition, we recently established the first report of the production of keratinase by a strain of B. safensis [16] . However, there is no report on the utilisation of the bacterium for the synthesis of nanoparticles. Therefore, the production of nanoparticles using keratinase of B. safensis adds to the potential relevance of the bacterium for industrial applications.
Keratinolytic activities during the growth of B. safensis LAU 13
The strain produced KA in the range 35.4-50.4 U ml -1 during 120 h of cultivation using feather as keratin substrate. The enzyme activity reached a maximum of 50.4 U ml -1 at 72 h of cultivation, after which it decreased to a final value of 36.7 U ml -1 at 120 h, which is similar to KA reported for some bacilli [17, 31] .
Biosynthesis and characterisation of silver nanoparticles
There is limited report on the use of keratinases for the production of nanoparticles, as only a single report of such exists [23] . In this study, crude extracellular keratinase from B. safensis LAU 13 was used to synthesise AgNPs. The AgNPs were characterised with colour formation produced from the reduction of silver ion by the enzyme. The intensity of colour increases as the bio-reduction of silver ion progresses and becomes stable when the reaction is completed. Figure 1 shows the dark brown solution formed from the reaction of crude keratinase and AgNO 3 solution after 1.5 h of reaction, while the AgNO 3 solution in the control experiment remained unchanged. The dark brown solution formed is an indication of the synthesis of AgNPs.
The colour of biosynthesised AgNPs reported by some authors varies, which may be attributed to the variations in the composition of biomolecules. Kalishwaralal et al. [32] reported AgNPs of brown colour synthesised from culture supernatant of Bacillus licheniformis, while Shaligram et al. [3] reported dark brown-coloured AgNPs synthesised from microbial culture supernatant. In a recent study, Revathi et al. [23] reported the synthesis of dark browncoloured AgNPs from crude keratinases after 72 h of incubation. These colour formations are due to the excitation of surface plasmon vibrations in metal nanoparticles [33] . It was observed in this study that the crude keratinase from this strain can rapidly react with silver nitrate solution to form AgNPs. Figure 2a shows the UV-Visible spectra of the biosynthesised AgNPs in the range 190-1,100 nm and the absorption spectrum peaked at 409 nm. The AgNPs gave a clear solution when dispersed in distilled water for extended period of up to 6 months, with the characteristic absorption spectrum peak (Fig. 2b) , which is an indication of the small sizes of the particles. This characteristic absorption peak justified the formation of AgNPs. Several authors have reported peaks of absorption spectra of AgNPs in the range 391-440 nm [10, 11, [34] [35] [36] [37] , while the peak at 292 nm could be attributed to the presence of proteins [38] . However, plasmon resonances for the transverse and longitudinal plasmon bands at 350 and 390 nm, respectively, typified of anisotropic metallic onedimensional nanostructures have been reported [39] .
The FTIR measurements were carried out to identify the possible biomolecules responsible for the stabilisation of the synthesised AgNPs. The FTIR spectrum (Fig. 3) showed peaks at 3410, 2930, 1664, 1618, 1389 and 600 cm -1 . The peak of 2,930 cm -1 indicated secondary amine [40] , while another peak at 1,664 cm -1 was recognised as amide I and had been previously shown to be responsible for the capping of silver ion [35] . It has been reported that proteins can bind to nanoparticles either through free amine groups or cysteine residues in the proteins [41] , hence, it can be inferred that these biomolecules are responsible for capping and efficient stabilisation of the AgNPs.
The TEM micrograph of the AgNPs is as shown in Fig. 4 . The AgNPs are spherical in shape and the size ranged 5-30 nm. Spherical shape of AgNPs has been reported [36] , while Kannan et al. [10] reported the synthesis of AgNPs in the size range 3-44 nm. These properties may influence the activity of AgNPs especially antimicrobial activity. This study has shown the capability of keratinase of B. safensis at forming nanoparticles, which The XRD pattern of the synthesised AgNPs shows the presence of peaks at 2h = 38°, 44°, 64°and 77°which correspond to (111), (200), (220) and (311) planes of silver, respectively (Fig. 5) . The AgNPs are polycrystalline as revealed by the significant peak intensities of the crystal planes which are consistent with published studies [42, 43] . From the spectrum, existence of single peaks at different diffraction angles implies that the particles are of a homogeneous material without impurities. All the peaks in XRD pattern are readily indexed to a face-centred cubic structure of silver (JCPDS, File No. 4-0783). The crystallite size (L) of the nanoparticles is calculated from Scherrer's formula:
where k is the wavelength (0.15,418 Å ) of X-rays used, b is the full width at half maximum (FWHM) measured in radians and h is the Bragg's angle. Using (111) plane, L is *8.3 nm. Based on Bragg's formula, the lattice spacing is calculated to be 0.236 nm while the lattice constant is estimated to be 0.4096 nm, which is consistent with the standard value of 0. 4086 nm.
is the lattice spacing while a is the lattice parameter. The average particle size of *8.3 nm as revealed by XRD further confirms the particle size data of 5-30 nm obtained through TEM.
Antibacterial activities of silver nanoparticles
The AgNPs showed remarkable antimicrobial activity against five clinical isolates of E. coli. The AgNPs induced a maximum zone of 12.5 mm on the test strains, while the minimum zone was 8.6 mm at concentration of 150 lg ml -1 (Table 1 ). The efficacies of biosynthesised AgNPs have been reported against E. coli [11] . Furthermore, AgNPs have been reported to have high surface area to volume ratio which leads to excellent antimicrobial activity as compared with bulk silver metal [44] , because there will be close attachment of the nanoparticles surface with microbial cells, making its antimicrobial property to be size dependent [1] . Through the interaction of AgNPs with sulphur and phosphorus containing biomolecules in the bacterial cell, the particles enter into the cell, where cell-killing is initiated through the attack of the respiratory chain and cell division [44] . Therefore, the appreciable antibacterial property demonstrated by the AgNPs proved that it could either be mixed with antibiotic drugs or used directly as drugs for some topical applications.
Conclusion
This study has led to the green synthesis of AgNPs by crude extracellular keratinase obtained through the biotechnological management of feather waste using a novel strain of B. safensis. AgNPs of uniform spherical shape of *8.3 nm and face-centred cubic structure have been produced. The FTIR analysis revealed that protein molecules were responsible for the stabilisation and capping of the AgNPs, and the particles also demonstrated excellent antimicrobial property. Therefore, the stabilised and uniform shaped AgNPs obtained from this easy and ecofriendly method of synthesis could be used in drug formulation for topical applications and also for various biotechnological applications. To the best of our knowledge, this is the first report of the use of the metabolite of B. safensis in the green synthesis of nanoparticles.
